The spider mite sub-family Tetranychinae includes many agricultural pests. The internal transcribed spacer (ITS) region of nuclear ribosomal RNA genes and the cytochrome c oxidase subunit I (COI) gene of mitochondrial DNA have been used for species identification and phylogenetic reconstruction within the sub-family Tetranychinae, although they have not always been successful. The 18S and 28S rRNA genes should be more suitable for resolving higher levels of phylogeny, such as tribes or genera of Tetranychinae because these genes evolve more slowly and are made up of conserved regions and divergent domains. Therefore, we used both the 18S (1,825-1,901 bp) and 28S (the 59 end of 646-743 bp) rRNA genes to infer phylogenetic relationships within the sub-family Tetranychinae with a focus on the tribe Tetranychini. Then, we compared the phylogenetic tree of the 18S and 28S genes with that of the mitochondrial COI gene (618 bp). As observed in previous studies, our phylogeny based on the COI gene was not resolved because of the low bootstrap values for most nodes of the tree. On the other hand, our phylogenetic tree of the 18S and 28S genes revealed several well-supported clades within the sub-family Tetranychinae. The 18S and 28S phylogenetic trees suggest that the tribes Bryobiini, Petrobiini and Eurytetranychini are monophyletic and that the tribe Tetranychini is polyphyletic. At the genus level, six genera for which more than two species were sampled appear to be monophyletic, while four genera (Oligonychus, Tetranychus, Schizotetranychus and Eotetranychus) appear to be polyphyletic. The topology presented here does not fully agree with the current morphology-based taxonomy, so that the diagnostic morphological characters of Tetranychinae need to be reconsidered. 
Introduction
The spider mite sub-family Tetranychinae includes some pests that cause serious economic losses throughout the world [1] , [2] , [3] . The family consists of more than 1,200 species, some of which have a wide host range, whereas others are highly host-specific [4] , [5] . For example, Tetranychus urticae Koch, Panonychus citri (McGregor) and Oligonychus coffeae (Nietner), have an especially strong effect on agricultural and horticultural crops, and they are polyphagous. However, these genera also include mono-, oligophagous species, such as Tetranychus bambusae Wang & Ma, Panonychus bambusicola Ehara & Gotoh, Oligonychus orthius Rimando, Oligonychus modestus (Banks) and Oligonychus rubicundus Ehara which inhabit only gramineous plants.
Although exact species identification is the first step in any biological study, spider mites are difficult to distinguish by morphological characters alone because of their small size (, 0.5 mm) and limited number of diagnostic characters [6] , [7] , [8] . Therefore, the use of DNA-based methods to identify species has increasingly been used for some genera of the Tetranychinae. For example, Navajas and Boursot [9] showed that T. urticae and Tetranychus turkestani Ugarov & Nikolskii, which are very closely related species, can be identified by using the internal transcribed spacer 2 (ITS2) region of nuclear ribosomal RNA (rRNA) genes. More recently, Matsuda et al. [10] , [11] revealed that almost all species of Japanese Oligonychus (17 of 18 species) and all species of Tetranychus (13 species) can be identified by using the cytochrome c oxidase subunit I (COI) gene of mitochondrial DNA. Despite recent advances in DNA-based methods for identifying spider mites, most phylogenetic relationships of sub-families, tribes and genera of the Tetranychinae remain poorly understood, as is reflected by the low support values for most nodes of the phylogenetic trees. However, phylogenetic trees clearly show that the genus Oligonychus is polyphyletic. Navajas et al. [12] and Ros and Breeuwer [13] analyzed the phylogeny of Tetranychinae including three Oligonychus species (Oligonychus ununguis (Jacobi), Oligonychus platani (McGregor) and Oligonychus gossypii (Zacher)) using the COI gene. Although these three species have the same empodium shape, O. gossypii, whose aedeagus curves dorsally, can be easily distinguished from O. ununguis and O. platani whose aedeagi curve ventrally. In the phylogenetic trees of these two studies, O. gossypii clustered more closely with Tetranychus species whose aedeagi also curve dorsally, while O. ununguis and O. platani formed a separate group. Polyphyly in the genus Oligonychus was also reported in the ITS2 region [14] .
The unresolved phylogeny among the taxa of the sub-family Tetranychinae based on the COI sequences is probably due to the strongly biased nucleotide composition and the saturation at the third codon positions [13] . Because both the 18S and 28S rRNA genes evolve more slowly and are made up of conserved regions and divergent domains [15] , these genes have been used for phylogenetic analyses of higher taxonomic relationships (from ''phyla'' to ''classes'' within Ecdysozoa) [16] , [17] . In resolving tick genera (Acari: Ixodida), combining the 18S and 28S rRNA genes provided more detailed relationships than did the 18S gene alone [18] , [19] . Therefore, we used both the 18S (1,825-1,901 bp) and 28S (the 59 end of 646-743 bp) rRNA genes to infer phylogenetic relationships within the sub-family Tetranychinae. Then, we compared the trees based on the 18S and 28S genes with the tree based on the mitochondrial COI gene (618 bp). Another problem in previous studies [12] , [13] , [14] was that only 16 to 25 species were used for the phylogenetic analyses. Limited taxon sampling can seriously influence the resulting phylogenetic inferences (for reviews, see [20] , [21] , [22] ). Therefore, to assess the phylogenetic relationships among tribes and genera of the sub-family Tetranychinae, we examined a total of 88 strains (15 genera and 4 tribes) most of which were from Japan.
Results

Mitochondrial COI gene
We obtained the COI sequences of 38 strains determined in this study (Table 1 ) and 30 strains from previously published data [10] , [11] . The COI sequences contained no insertions or deletions. After alignment, the COI fragment had 618 nucleotides, of which 282 were parsimony-informative sites (File S1). The AT contents of the COI sequences of the tetranychid mites were very high (75.5%), especially at the 3rd codon position (93.0%). Chi-square tests revealed no significant heterogeneity in the first and second codon positions of the COI sequences, but significant heterogeneity at third codon positions (Figure 1 ). Similar high AT contents have been observed in previous studies of tetranychid mites [10] , [11] , [12] , [13] .
A phylogenetic tree of the sub-family Tetranychinae based on the COI gene is shown in Figure 2 . Among the eight genera for which more than two strains were sampled, four genera (Panonychus, Sasanychus, Stigmaeopsis and Amphitetranychus) appear to be monophyletic with .80 bootstrap values, while the other four (Oligonychus, Tetranychus, Schizotetranychus and Eotetranychus) are polyphyletic. The four monophyletic genera are in clades 8, 3, 5 and 2, respectively ( Figure 2) . As was observed in previous studies, Oligonychus species whose aedeagus curves [23] , [24] (clade 9) and T. urticae and T. turkestani [9] (clade 1). These results are consistent with the 18S and 28S topologies described below. However, the COI phylogeny was not resolved and the deep-level relationships were especially unresolved, as shown by the low bootstrap values (Figure 2) , as was observed in previous studies [12] , [13] . The deep-level phylogeny of the sub-family Tetranychinae was also not resolved in the Bayesian tree (data not shown).
18S and 28S rRNA genes
We determined the 18S and the 59 end of the 28S rRNA sequences of all 88 strains used in this study ( Table 1 ). The lengths of the 18S sequences obtained were 1,825-1,901 bp. The 18S and 28S sequences contained a number of gaps (insertions and deletions). After alignment and deletion of the ambiguous part of the aligned data, the final length was 1,863 bp, containing 495 parsimony-informative sites. The lengths of the 28S sequences were 646-743 bp, with a final length of 671 bp, containing 201 parsimony-informative sites. The aligned sequences before and after deleting the ambiguous parts are shown in Supporting Information (Files S2-S4). Chi-square tests revealed no significant heterogeneity in the nucleotide composition of the 18S and 28S sequences (Figure 3) .
Phylogenetic trees based on a single gene were not as well resolved as phylogenetic trees based on the combined 18S and 28S data sets. Therefore, only the combined data set was used for the ML and Bayesian analyses. The 18S and 28S trees suggest that the tribes Bryobiini and Petrobiini of the sub-family Bryobiinae, which were used as outgroups, are both monophyletic (Figures 4A and 5A, clades 22 and 23). Within the Tetranychinae, Clade 15 is composed of species of Eurytetranychini, and clades 12,17 and 20 are composed of species of Tetranychini ( Figures 4A and 5A ). Among the 10 genera for which more than two strains were sampled, six genera (Bryobia, Aponychus, Panonychus, Sasanychus, Stigmaeopsis and Amphitetranychus), appear to be monophyletic with .95 bootstrap values and 1.00 posterior probabilities, while four genera (Oligonychus, Tetranychus, Schizotetranychus and Eotetranychus) are polyphyletic. The monophyletic genera are in clades 22, 14, 5, 7, 17 and 21, respectively ( Figures 4A-4D and 5A-5D) . Species of the genus Oligonychus are separated into 2 clades (clades 1 and 19), with the Tetranychus species included in clade 19 ( Figures 4B, 4D , 5B and 5D). Schizotetranychus species, with the exception of S. cercidiphylli, are separated into 3 clades (clades 3, 4 and 9), with the Sasanychus and Yezonychus species included in clade 9 ( Figures 4B  and 5B ). In the ML tree ( Figures 4B-4C ), S. cercidiphylli and Eotetranychus species, with the exception of Eotetranychus uchidai Ehara, are paraphyletic with respect to clade 10. E. uchidai forms a sister group with Panonychus, Sasanychus, Schizotetranychus and Yezonychus species ( Figure 4B, clade 8 ). In the Bayesian tree ( Figures 5B-5C ), a well-supported clade consisting of S. cercidiphylli and Eotetranychus species, with the exception of E. uchidai As was observed in the COI tree, the 18S and 28S trees also show the monophyly of P. citri and P. osmanthi which are closely related species ( Figures 4B and 5B, clade 6 ). S. cercidiphylli forms a well-supported clade with four Eotetranychus species (E. asiaticus, Eotetranychus boreus Ehara, E. cornicola and Eotetranychus toyoshimai Ehara & Gotoh) in both ML and Bayesian trees ( Figures 4C and 5C , clade 11: BP/BPP = 93/1.00). On the other hand, closely related Eotetranychus species (Eotetranychus pruni (Oudemans), Eotetranychus querci Reeves and Eotetranychus uncatus Garman), which have long, flagellate and undulate aedeagi [25] , did not cluster together in either tree ( Figures 4C  and 5C ). 
Discussion
Only a few studies have examined the molecular phylogeny of the sub-family Tetranychinae, and they often used genes or regions that had limited discriminating ability. As observed in previous studies, our tree based on the COI gene did not resolve deep-level phylogeny because of the low bootstrap values for deep nodes of tree ( Figure 2 ). Therefore, we used the 18S and 28S rRNA genes for phylogenetic analyses because of their better discriminating ability. Indeed, our phylogenetic tree of the 18S and 28S sequences revealed several well-supported clades, allowing us to consider the phylogenetic relationships among the sub-family Tetranychinae.
Our phylogenetic trees based on the 18S and 28S rRNA genes suggest that the tribes Bryobiini and Petrobiini of the sub-family Bryobiinae are both monophyletic, but the tribe Tetranychini is polyphyletic because the monophyletic clade of Eurytetranychini is placed inside Tetranychini (Figures 4A and 5A) . At the generic level, 4 genera (Oligonychus, Tetranychus, Schizotetranychus and Eotetranychus) are polyphyletic. The phylogenetic tree separates the Oligonychus species into two clades ( Figures 4B, 4D , 5B and 5D, clades 1 and 19). That is, the two clades comprising the genus Oligonychus coincide with their morphology based on the direction of curvature of the aedeagus. These results are in agreement with our COI phylogeny ( Figure 2 ) and previous phylogenies based on the COI gene and ITS2 region [10] , [12] , [13] , [14] . Although phylogenies based on the COI gene and ITS2 region could not establish the exact phylogenetic positions of the two clades of Oligonychus, our tree suggests that species whose aedeagi curve ventrally form a sister group with some of the Schizotetranychus species ( Figures 4B and 5B, clade 2) and species whose aedeagi curve dorsally are more closely related to Tetranychus species whose aedeagi also curve dorsally ( Figures 4D  and 5D, clade 19) . Though Oligonychus and Tetranychus can be distinguished by their empodium shape, our phylogenetic trees reveal that the shape of the aedeagi can help to discriminate these two genera.
Species of the genus Schizotetranychus and Eotetranychus appear to be polyphyletic within clade 12 ( Figures 4B-4C and 5B-5C). Puzzlingly, S. cercidiphylli and E. uchidai are separated from other congeneric species in the tree. The placement of Eotetranychus species is different between the ML and Bayesian trees. In the ML tree ( Figures 4B-4C ), we could not establish the exact phylogenetic position of the species of Eotetranychus which are paraphyletic respect to clade 10 because bootstrap values are relatively low. On the other hand, in the Bayesian tree ( Figure 5C ), S. cercidiphylli and the Eotetranychus species, with the exception of E. uchidai, clustered into a well-supported clade (clade 10: BPP = 0.96). Similarly, the phylogenetic position of the genus Stigmaeopsis is resolved in the Bayesian analysis but not in the ML analysis. In the ML tree ( Figure 4C ), Stigmaeopsis species (clade 17) clustered with clade 13, which includes the Eurytetranychini species and some of the Tetranychini species, but the topology is not well supported (clade 16: BP = 50). In the Bayesian tree ( Figure 5C ), Stigmaeopsis species (clade 17) clustered with clade 13 with high Bayesian posterior probabilities (clade 16: BPP = 0.91). Although our data suggests that the Bayesian tree ( Figures 5A-5D ) is better supported than the ML tree (Figures 4A-4D), it is common knowledge that posterior probabilities are generally higher than bootstrap values [26] .
Phylogenetic trees can be used to assess associations between spider mites and their host plants [13] . In the ML and Bayesian trees ( Figures 4D and 5D ), Oligonychus and Tetranychus species inhabiting gramineous plants (O. orthius, O. modestus, O. rubicundus and T. bambusae) clustered separately from other species and formed a monophyletic clade ( Figures 4D and 5D , clade 18). Clade 4 includes Schizotetranychus brevisetosus Ehara, Schizotetranychus gilvus Ehara & Ohashi and Schizotetranychus shii (Ehara) which inhabit fagaceous plants ( Figures 4B and 5B ). Clade 9 include species irrespective of genus, which inhabit bamboo plants, Sasanychus akitanus (Ehara), Sasanychus pusillus Ehara & Gotoh, S. bambusae, S. recki and Yezonychus sapporoensis Ehara ( Figures 4B and 5B ). All Stigmaeopsis species inhabiting gramineous plants are separated from other Tetranychini species and appear to be monophyletic ( Figures 4C and 5C, clade 17) . These results indicate that the phylogenetic relationships of some species of spider mites are closely linked with their host plant, as reported in other phytophagous arthropods [27] , [28] , [29] .
We consider the phylogenies of the Tetranychinae based on the 18S and 28S rRNA genes to be a major improvement over previous phylogenies because they reveal several well-supported clades that were not distinguished by phylogenetic relationships based on the COI gene and ITS2 region. Our finding that the tribe Tetranychini and four genera (Oligonychus, Tetranychus, Schizotetranychus and Eotetranychus) are polyphyletic indicates that the diagnostic morphological characters of tribes and genera of Tetranychinae need to be reconsidered. Although we examined a large number of species in this study, most of them were collected in Japan. Analyzing a number of undescribed genera remaining throughout the world may help achieve a deeper understanding of the phylogenetic relationships among the family Tetranychinae. In addition, a large number of nuclear genes need to be examined to resolve poorly understood relationships in the ML tree ( Figures 4A-4D) , such as the phylogenetic positions of the genera Eotetranychus and Stigmaeopsis.
Materials and Methods
Mites
Eighty-four strains representing 12 genera and two tribes in Tetranychinae, were used in this study and four strains of the tribes Bryobiini and Petrobiini of the sub-family Bryobiinae (Acari: Tetranychidae) were used as outgroups (Table 1) . Mite samples that could be reared in the laboratory were maintained on leaf discs of common bean leaves (Phaseolus vulgaris L.), mulberry leaves (Morus bombycis Koidz.) or the original host plants placed on a water-saturated polyurethane mat in a plastic dish (90 mm diameter, 20 mm depth) at 25uC under a 16L-8D photoperiod until analysis. Samples that could not be maintained in the laboratory and samples that were imported from abroad were preserved in 99.5% ethanol for molecular analyses and 70% ethanol for morphological identification. Specimens were mounted in Hoyer's medium and identified under phase-contrast and differential interference-contrast microscopes. Voucher specimens are preserved at the Laboratory of Applied Entomology and Zoology, Faculty of Agriculture, Ibaraki University under the serial voucher specimen numbers (Table 1) .
DNA extraction, amplification, cloning and sequencing
Total DNA was extracted from the whole body of each female individual by using a Wizard Genomic DNA Purification Kit (Promega). Live female individuals for DNA samples and female individuals for voucher specimen were obtained from the same leaf discs. A few of the strains could not be maintained in the laboratory. For these strains, DNA samples were obtained from ethanol-preserved female individuals. The PCR primers are given in Table 2 . The mitochondrial COI fragments were amplified using primer sets C1-J-1718 [30] and COI REVA [8] for species of 12 genera (Bryobia, Petrobia, Eurytetranychoides, Aponychus, Panonychus, Sasanychus, Schizotetranychus, Yezonychus, Eotetranychus, Oligonychus, Amphitetranychus and Tetranychus) and primer sets C1-J-1718-stig and COI REVA-stig for species of the genus Stigmaeopsis. COI sequences for Oligonychus and Tetra- nychus species were obtained from previously published data [10] , [11] . PCR amplification was performed with the following profile: 3 min at 94uC, followed by 35 cycles of 1 min at 94uC, 1 min at 45uC for COI, 60uC for 28S and 65uC for 18S and 1.5 min at 72uC. An additional 10 min at 72uC was allowed for last strand elongation. The resultant DNA solutions were purified by using MinElute PCR Purification Kit (Qiagen) and sequenced directly. Sequencing was carried out using the sequencing primers (Table 2 ) with a BigDye Terminator Cycle Sequencing Kit v.3.1 (Applied Biosystems) and on an ABI 31306l automated sequencer.
Data analysis
All sequences obtained were deposited in DDBJ/EMBL/ GenBank International Nucleotide Sequence Databases under the accession numbers AB981203 to AB981240, AB926227 to AB926314 and AB926318 to AB926405 (Table 1) . Sequences were aligned using the 'auto' option of the MAFFT software [33] . Gaps (insertions and deletions) included in the 18S and 28S rRNA sequences were treated using the 'automated1' option of the trimAl software [34] , which trimmed ambiguous sites by using a heuristic selection of the automatic method based on similarity statistics. The homogeneity of nucleotide composition was checked using chi-square tests implemented in PAUP* version 4.0b10 software [35] .
Maximum likelihood (ML) and Bayesian phylogenetic trees were constructed with RAxML [36] and MrBayes5D [37] , respectively. We used the tribes Bryobiini and Petrobiini of the sub-family Bryobiinae as outgroups to root the tree. For all analyses, we used the GTR Gamma model selected by the Akaike Information Criterion (AIC) using the program Kakusan4 [38] . The RAxML search was executed for the best-scoring ML tree in one single program run (the '-f a' option) instead of the default maximum parsimony-starting tree. Statistical support was evaluated with 1,000 rapid bootstrap inferences. The MrBayes5D analyses were implemented with two parallel runs of 10 million generations each and using one cold and two incrementally heated Markov chains and sampling every 100 steps. Tracer v.1.6 [39] was used to assess if the search had reached stationarity and to check whether the sample sizes for each parameter (ESS.100) were adequate. The first 10% of the trees were discarded as burnin and the consensus tree with Bayesian posterior probabilities was constructed based on the trees sampled after the burn-in.
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